The ability of Mycobacterium kansasii and groups II The atypical mycobacteria grow readily on the various egg-base media employed for primary isolation of Mycobacterium tuberculosis. The organisms can also be cultured in a simple defined medium containing an ammonium salt as the source of nitrogen, glycerol as the source of carbon, and citric acid and mineral salts supplemented with oleic acid admixed with serum albumin.
The atypical mycobacteria grow readily on the various egg-base media employed for primary isolation of Mycobacterium tuberculosis. The organisms can also be cultured in a simple de- fined medium containing an ammonium salt as the source of nitrogen, glycerol as the source of carbon, and citric acid and mineral salts supplemented with oleic acid admixed with serum albumin.
It was reported previously that certain of the atypical mycobacteria may exhibit an absolute requirement for a fatty acid when cultured in a defined medium (1) . The strains of groups II and III atypical mycobacteria which were examined required a fatty acid for growth in Kirchner medium, whereas M. kansasii grew after a lag of approximately 13 days in the absence of lipid.
This report consists of a study of the ability of M. karsasii and groups II and III of the atypical mycobacteria to utilize oleic acid, as well as certain carbohydrates and other compounds as sources of carbon for growth in a defined medium. The influence of oleic acid on utilization of the carbon compounds by these microorganisms has also been examined.
MATERIALS AND METHODS Organisms. The H37Rv and H37Ra strains of M. tuberculosis were originally obtained from William Steenken, Jr., Saranac Lake, N.Y. Strains P-1 and P-8 of M. kansasii, P-5 and P-1 5 of group II, and P-41 and P-44 of group III atypical mycobacteria were supplied by Ernest Runyon, Veterans Administration Hospital, Salt Lake City, Utah. Strains A and B of M. kansasii were obtained from Mt. St. Rose Hospital, St. Louis, Mo. The characteristics of the A and B strains have been described previously (3) . The organisms were received on Lowenstein-Jensen or a similar egg-base medium. Stock cultures of the bacteria were maintained on Lowenstein-Jensen medium. The organisms employed in the study had been cultured in Kirchner medium enriched with Tween 80 and bovine serum albumin for a period of approximately 6 months prior to use, and transfers were made at monthly intervals.
Cultural methods. As a base medium for comparing growth rates of the mycobacteria with varied substrates, Kirchner medium was modified by the substitution of ammonium sulfate (0.3%) for asparagine, the omission of glycerol and the inclusion of Casamino Acids (0.02%), DL-tryptophan (20 ,g/ml), 0.5% purified bovine albumin fraction V (7), and nine growth factors. The growth factors were as follows: thiamine, riboflavine, pyridoxine, nicotinic acid, pantothenic acid, and inositol at a concentration of 0.5 ,ug/ml; folic acid and biotin at 0.1,Ig/ml; and B,2 at 0.001 Ag/ml. Triton WR1339 (0.05%) was incorporated into the medium to facilitate turbidimetric determinations of growth.
The compounds evaluated as carbon sources in-NUTRITION OF ATYPICAL MYCOBACTERIA pared in a concentration of 10%. Oleic acid was prepared as a 1% solution of sodium oleate. All solutions were sterilized by passage through sterile fritted-glass filters. Glucose and glycerol were employed in final concentrations of 1 and 2%, respectively, whereas the remaining nonlipid compounds were incorporated into media at a concentration of 0.5%. In comparative growth-rate studies, oleic acid was employed at a concentration of 50 ,ug/ml. Increased concentrations of the lipid were employed where higher levels of growth were required. Purified albumin, fraction V, was added to the medium with oleic acid in a proportion of 0.5 mg of albumin to 5 j,g of lipid.
The carbon compounds were added to sterile, double-strength, modified, enriched Kirchner base medium which was then adjusted to single strength by the addition of an appropriate amount of sterile distilled water. The pH of the medium into which ribose was incorporated was lowered to 6.1 by an adjustment in the relative concentrations of dibasic sodium phosphate and potassium hydrogen phosphate.
Triolein was deposited in a sterile test tube and dissolved in a minimal amount of acetone. The tube was permitted to stand for 30 min after which the required amount of bovine albumin was added. The suspension was shaken thoroughly. The trioleinalbumin suspension was then diluted to volume with distilled water. Triolein was added to the medium in a concentration which provided 50 jig/ml of oleic acid.
Media containing acetone only were included in the tests, the amount of acetone in the medium corresponding to the concentration of residual acetone present in the triolein medium.
The media containing the compounds being evaluated were deposited in sterile 15 X 125 mm sterile test tubes. They were then inoculated with 0.05 ml of a suspension of a 14-day culture of the respective organism which had been washed three times with a 0.1% solution of albumin and then adjusted to an optical density of 0.02. Cultures of tubercle bacilli adjusted to this optical density contained approximately 5 X 106 viable cellular units per ml. The inoculated media were incubated at 37 C. Growth was determined turbidimetrically at 640 m,u by use of a Leitz Rouy photrometer for which a special adapter was constructed to accommodate 15 X 125 mm test tubes.
RESULTS
Growth of the H37Rv strain of M. tuberculosis, as well as strain P-1 of M. kansasii and strain P-44 of group III atypical mycobacteria, was determined in Kirchner medium prepared without glycerol to which varied levels of oleic acid were added. Growth of the organisms was also determined in two separate series of the oleic acid media to which 2% glycerol and 1 % glucose were added (Table 1) .
Strain P-1 of M. kansasii and strain P-44 of group III atypical mycobacteria did not produce a significant amount of growth in Kirchner medium prepared without glycerol. The organisms grew rapidly in the presence of oleic acid; growth was proportional to the amount of lipid incorporated into the medium.
The P-44 strain of group III atypical mycobacteria did not grow in complete Kirchner medium to which no oleic acid was added. M. kansasii produced restricted growth in this medium. Both organisms produced profuse growth in the media to which oleic acid had been added.
Neither the P-1 nor the P-44 strain of atypical mycobacteria grew in Kirchner base glucose medium without the addition of oleic acid. Growth of the mycobacteria in the glucose-oleic acid medium was proportional to the amount of oleic acid present.
M. tuberculosis grew readily in Kirchner medium prepared without glycerol. Growth of the organism was, however, increased by concentrations of oleic acid up to 25 ,g/ml. The addition of glycerol to the base medium produced a twofold increase in growth of the H37Rv strain of M. tuberculosis, whereas growth was increased approximately three times by the addition of glucose. The H37Rv strain produced two and one-half times more growth in the glycerol medium to which oleic acid had been added, whereas growth was only 60% greater in the glucose medium containing the lipid than in the basal medium.
The results of the previous experiment indicated that asparagine was utilized both as a source of nitrogen and of carbon by M. tuberculosis, whereas the P-1 and P-44 strains of atypical mycobacteria utilized the compound only as a source of nitrogen. For a comparison of growth of the atypical mycobacteria and M. tuberculosis, it was necessary, therefore, to modify Kirchner medium by substitution of ammonium sulfate for asparagine. The modified medium was enriched by the addition of amino acids (Casamino Acids) and vitamins to insure the availability of growth factors that might be required for utilization of certain carbon compounds and also to provide conditions suitable for optimal growth. Although the modified, enriched, Kirchner base medium contained citric acid and low levels of amino acids, it did not support growth of any of the mycobacteria employed in this study. The inclusion of growth factors in the medium that are available in an in vivo cultural environment permits better correlation of the relation of in vitro growth characteristics to the ability of the organism to proliferate in the host.
Since it had been demonstrated that M. kansasli and the P-44 strain of group III atypical mycobacteria grew readily in Kirchner base medium to which oleic acid had been added as the source of available carbon, a determination was made of the a Cultures were incubated at 37 C for 11 days; 2% glycerol was added. I Purified albumin fraction V was added to the medium with oleic acid in a proportion of 0.5 mg of albumin to Sug of lipid.
c Growth is expressed as optical density.
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t- ability of M. tuberculosis to grow in modified enriched' Kirchner base medium into which varied levels of the fatty acid were incorporated (Fig. 1) . The H37Rv strain grew readily in the oleic acid medium. Growth of the organism terminated after incubation for 10 days, indicating depletion of the supply of fatty acid.
For a study of the comparative growth rate of the atypical mycobacteria and M. tuberculosis, compounds were selected which in preliminary experiments were found to support growth of one or more of the various strains of mycobacteria. D-Glucose, D-ribose, glycerol, pyruvic acid, and acetic acid were incorporated into enriched, modified, Kirchner base medium. A second identical series of media were prepared to which oleic acid (50 mg/ml) was added. A medium was also prepared in which oleic acid represented the source of available carbon. The media were inoculated with the H37Rv and H37Ra strains of M. tuberculosis, strains A, P-1, and P-8 of M. kansasii, strains P-5 and P-15 of group II, and strains P41 and P-44 of group III atypical mycobacteria. The cultures were incubated at 37 C. Growth was determined turbidimetrically on alternate days. The results are shown in Fig. 2, 3 , and 4.
The highest rate of growth of all organisms in media containing a single carbon compound occurred with oleic acid as the carbon source. Growth of the mycobacteria terminated early due to the restricted amount of the lipid present in the medium.
Glucose medium. The A strain of M. kansasii did not utilize glucose for growth during the incubation period, even when oleic acid was included in the medium. The P-1 strain also failed to produce growth in the glucose medium, but rapid growth occurred in the medium to which oleic acid was added. The P-8 strain of M. kansasii grew well in the glucose medium, and superior growth was obtained in the glucose-oleic acid medium. Strains P-5 and P-15 of group II organisms produced growth in the glucose medium after incubation for 7 and 10 days, respectively. Superior growth occurred in the medium to which oleic acid had been added. Strains P-41 and P-44 of group III atypical mycobacteria produced growth in the glucose medium after approximately 11 days of incubation. Growth of the organisms appeared early in the glucose medium containing oleic acid, but proliferation of the bacteria was suboptimal. H37Rv strain of M. tuberculosis grew readily in the glucose medium. Superior growth was obtained in the glucose-oleic acid medium. The H37Ra strain of M. tuberculosis produced growth in the glucose medium after incubation for 11 days. Early growth of the organism occurred in the glucose medium which contained oleic acid.
Glycerol medium. The A and P-1 strains of M. kansasii produced growth in the glycerol medium after incubation for about 9 days. The P-8 strain produced earlier growth in the medium. The P-15 strain of group II atypical mycobacteria grew well in the glycerol medium, but there was a delay for 11 days in the appearance of growth of the P-5 strain. Both strains of M. kansasii and group II organisms produced optimal growth in the glycerol-oleic acid medium. P-41 and P-44 strains of group III atypical mycobacteria produced growth in the glycerol medium after a delay of 9 and 12 days, respectively. Growth of the organisms was suboptimal in the glycerol-oleic acid medium. Growth of the H37Rv strain of M. tuberculosis occurred after incubation for 10 days in the glycerol medium and after 6 days of incubation in the glycerol-oleic acid medium. The H37Ra strain grew in the glycerol medium after a delay of 12 days, but early growth occurred in the medium supplemented with oleic acid.
Pyruvic acid medium. The growth of P-1 and A strains of M. kansasii appeared in the pyruvic acid medium after incubation for 6 days. The P-8 strain grew after incubation for 8 days. The group II atypical mycobacteria yielded suboptimal growth in the pyruvate medium. Pyruvic acid supported optimal growth of both strains of group III atypical mycobacteria. Growth of the H37Rv strain of M. tuberculosis appeared after a delay of 9 days, whereas the H37Ra strain grew after incubation for 12 days. With the exception of the P-8 strain of M. kansasii, the addition of oleic acid to the pyruvic acid medium either produced no effect on growth of the mycobacteria or interfered with utilization of the compound. Growth of the P-8 strain occurred early, and the rate of growth was increased markedly by the incorporation of oleic acid into the pyruvic acid medium.
Acetic acid medium. All strains of M. kansasii and the organisms of group II atypical mycobacteria produced delayed and suboptimal growth in the acetic acid medium. The incorporation of oleic acid into the medium either did not alter growth or, in some instances, interfered with utilization of the acetic acid. Optimal growth of the P-41 and P-44 strains of group III atypical mycobacteria occurred in the acetic acid medium. Growth of the organisms was not increased by the addition of oleic acid to the medium. The in the acetic acid medium and in the acetic acidoleic acid medium after incubation for 11 to 13 H37Rv strain of M. tuberculosis produced growth days. The H37Ra strain did not produce detectable growth after incubation for 16 days. Growth of the organisms occurred after 13 days of incubation in the acetic acid-oleic acid medium.
Ribose medium. The P-41 and P-44 strains of group III atypical mycobacteria grew readily in the ribose medium. The addition of oleic acid to the medium had a minimal effect on growth. All of NUTRITION OF ATYPICAL MYCOBACrERIA the other mycobacteria examined failed to produce growth in the ribose medium.
Triolein medium. Triolein did not support growth of any of the mycobacteria included in this study nor did it have an effect on utilization of the other carbon compounds by the organisms.
Since all of the atypical mycobacteria, except the P-8 strain of M. kansasii, showed a deficiency in the utilization of glucose for growth in liquid media in the absence of oleic acid, a determination was made of the ability of the organisms to grow on modified enriched Kirchner glucose medium prepared in the form of agar slants. A solid medium was prepared by the addition of 1% Ionagar no. 2. The agar slants were inoculated with 0.05 ml of a washed suspension of the A, B, and P-1 strains of M. kansasii, the P-5 and P-15 strains of group II organisms, and the P-41 and P-44 strains of group III atypical mycobacteria diluted to an optical density of 0.04. The inoculated medium was incubated for 6 weeks.
Growth was not apparent on any of the glucoseagar slants for a period of 3 weeks. Colonies did appear, however, on the glucose slants which had been inoculated with the B strain of M. kansasii, the P-5 strain of group II, and the P-41 strain of group III atypical mycobacteria between the third and sixth weeks of incubation. Approximately 35 colonies were produced on the glucosez agar medium that had been inoculated with the B strain of M. kansasii. Fourteen colonies appeared on the agar slant inoculated with the P-41 strain. A single colony grew on the medium inoculated with the P-1 strain of M. kansasii, whereas five colonies appeared on the glucose-agar slant that had been inoculated with the P-5 strain of group II atypical mycobacteria. No colonies appeared on the glucose-agar slants that had been inoculated with the other mycobacteria. All of the colonies that appeared on the slants were transferred to glucose-agar medium, whereupon all of the substrains produced luxuriant growth after incubation at 37 C for 10 days.
Single substrains of strain B of M. kansasii, strain P-5 of group II, and strain P-41 of group III atypical mycobacteria were selected for growth-rate determinations. The selected substrain and the parent strain of each organism were washed, diluted, and inoculated into tubes of modified enriched Kirchner base medium containing glucose, glycerol, pyruvic acid, and acetic acid. Oleic acid was not included in the medium. The cultures were incubated at 37 C. Growth of the organisms is shown in Fig. 5 .
Growth of the substrain (BG) of strain B of M. kansasii appeared after incubation for about 7 days in the glucose medium, and thereafter the organisms grew at an optimal rate. Strain B produced growth in the glucose medium after incubation for 11 days, but the organisms grew slowly upon continued incubation. The B strain, however, produced growth in the pyruvate medium about 10 days earlier than the BG substrain. The B strain grew in the glycerol medium from 2 to 3 days earlier than the BG substrain. The BG substrain did not produce growth on the acetic acid medium during the incubation period, whereas growth of the B strain appeared after incubation for about 10 days.
The differences in rate of growth of the P-5 and P-5G substrain of group II atypical mycobacteria were less marked than in the case of M. kansasii. However, growth of the P-5G substrain in glucose, glycerol, and acetic acid media appeared about 4 days before that of the P-5 strain. The rate of growth of the two organisms in pyruvate medium was similar.
Growth of the P-41G substrain in the glucose and glycerol media appeared approximately 7 days earlier than the P-41 strain. The extent of growth of the P-41G substrain in the acetic acid medium exceeded that of the P-41 strain. The rate of growth of the two organisms on the pyruvic acid and ribose media was similar.
DISCUSSION
When single carbon compounds were tested, the highest rate of growth of the mycobacteria examined occurred in modified Kirchner base medium containing oleic acid as the sole source of carbon. A synergistic growth response was observed, however, upon addition of glucose to the oleic acid medium with the H37Rv and H37Ra strains of M. tuberculosis, the P-15 strain of group II atypical mycobacteria, and the P-8 strain of M. kansasii.
An additive effect resulted from combining oleic acid and glucose in the case of growth of the P-5 strain of group II and the P-41 and P-44 strains of group III atypical mycobacteria. The growth curves indicated that oleic acid was the preferential substrate, glucose being utilized following exhaustion of the supply of lipid. An additive effect was observed with a majority of the organisms in the glycerol-oleic acid medium.
Similar results have been reported for M. kansasii by Schaefer and Lewis (8) . They found that M. kansasii produced immediate growth in a defined medium containing Tween 80 as a source of oleic acid, whereas rapid growth appeared after a lag of 5 days when glycerol was substituted for the oleic acid ester as the sole source of carbon. The effects of glycerol and Tween 80 on growth of the organisms were additive when the substrates were combined in the medium.
Lyon, Lichstein, and Hall (5) found that Tween 80, as well as oleic acid, inhibited growth of aerated (rotated) cultures of the H37Ra and H37Rv strains of M. tuberculosis in Dubos liquid medium containing glucose as the sole source of carbohydrate but not when glycerol was included in the medium. In the present study, the organisms were maintained in stationary culture except for brief agitation on a Vortex mixer prior to determination of optical densities.
Certain of the growth factors present in our medium, in addition to purified bovine albumin, may have enhanced the utilization of oleic acid and served to eliminate any toxic properties of the fatty acid in the glucose medium. Schaefer, Cohn, and Middlebrook (9) found that the addition of biotin or increasing the carbon dioxide concentration in a medium containing an oleic acid-albumin complex stimulated the rate of growth of tubercle bacilli.
Oleic acid was required for utilization of glucose by the P-1 strain of M. kansasii, whereas the A strain did not produce growth in the glucose medium even in the presence of lipid.
The addition of oleic acid to the pyruvic acid medium and to the acetic acid medium had either no effect or a depressant action on growth of all of the atypical mycobacteria, except the P-8 strain of M. kansasii. Incorporation of oleic acid into the pyruvic acid medium produced an additive effect with respect to growth of the P-8 strain.
The growth studies show that the P-1 and A strains of M. kansasii, the P-41 and P-44 strains of group III atypical mycobacteria, the H37Ra strain of M. tuberculosis, and the P-5 and P-15 scotochromogens, to a lesser degree, are distinguished by a deficiency in ability to utilize glucose as a source of carbon for growth. The deficiency is manifested as delayed appearance of growth, suboptimal growth, or, in certain instances, complete inability to utilize the sugar. In contrast, the H37Rv strain of M. tuberculosis and P-8 strain of M. kansasii utilized glucose effectively for growth, and this carbohydrate was superior to all other nonlipid compounds tested.
Other investigators (6, 10) have reported that glucose is a less suitable carbon source than glycerol for M. tuberculosis. In both studies, a minimal, although adequate, medium was employed for comparative evaluation of the ability of the compounds to serve as sole sources of carbon for growth. Our evaluations were made in a medium enriched with low levels of amino acids and a number of vitamins. The enrichments may have permitted optimal utilization of glucose by these organisms.
These findings suggest that the ability to utilize 312 glucose effectively for growth may be linked to virulence in the mycobacteria studied because the P-8 strain of M. kansasii, as well as the H37Rv strain of M. tuberculosis, is capable of causing progressive disease in mice which terminates in death of the animals (3). The ability to utilize oleic acid as a carbon source for growth cannot be similarly correlated with virulence. However, the possibility that the ability to utilize adequately both glucose and lipid for growth is a necessary prerequisite to virulence is not precluded. A delay in in vivo utilization of an available energy source such as glucose by pathogenic organisms offers increased time for mobilization of host defense mechanisms. In vivo growth inhibition of the organism may be effected before a critical number of bacteria is attained in the tissues of the host. The deficiency in utilization of glucose exhibited by most strains of the three groups of atypical mycobacteria may not be a constant characteristic of these microorganisms since the B, P-5, and P-41 strains produced variants on glucose-agar that possessed an enhanced capacity to utilize the carbohydrate for growth. These findings illustrate the variability of the atypical mycobacteria and indicate that the type of medium employed for cultivation and maintenance of the organisms may influence their ability to utilize carbon compounds which may, in turn, affect their virulence.
The ability to utilize ribose as a source of carbon for growth was restricted to strains P-41 and P-44 of group III atypical mycobacteria. This property may prove useful in identifying these mycobacteria in the clinical laboratory.
Asparagine was utilized as a source of carbon for growth by the H37Rv strain of M. tuberculosis but not by the P-1 strain of M. kansasii or the P-44 strain of group III atypical mycobacteria. Holmgren, Milleman, and Youmans (4) observed that asparagine did not support growth of the H37Rv strain of M. tuberculosis in modified Proskauer and Beck medium from which glycerol was omitted. In a recent examination of 10 wild strains of tubercle bacilli in modified, enriched, Kirchner base medium containing 0.5% asparagine, nine of the organisms produced growth between the fourth and eighth weeks ofincubation, whereas one strain failed to grow on the medium (2) . ACKNOWLEDGMENT The technical assistance of Carolyn Croy is gratefully acknowledged.
